Abstract-The U.S. Eastern Interconnection (EI) is one of the largest electric power grids in the world and is expected to have difficulties in dealing with frequency regulation and oscillation damping issues caused by the increasing wind power. On the other side, variable-speed wind generators can actively engage in frequency regulation or oscillation damping with supplementary control loops. This paper creates a 5% wind power penetration simulation scenario based on the 16 000-bus EI system dynamic model and developed the user-defined wind electrical control model in PSS®E that incorporates additional frequency regulation and oscillation damping control loops. The potential contributions of variable-speed wind generations to the EI system frequency regulation and oscillation damping are evaluated and simulation results demonstrate that current and future penetrations of wind power are promising in the EI system frequency regulation and oscillation damping.
I. INTRODUCTION
T ODAY, most major power systems around the world are experiencing a steady increase in wind in their generation mix. This is causing concerns over the stability of the grid and other difficulties in system operation. Although some subjects such as voltage and reactive power control, power quality requirements, and fault ride-through capability have already been carefully examined and corresponding technical solutions may also be commercially available now [1] - [5] , some other rising issues still remain to be addressed. For example, conventional synchronous generators play the pivotal role in primary frequency control and all other frequency regulations; however, due to the absence of synchronization torque for variable-speed wind generators, higher penetration of wind power may continuously lead to the decrease in overall system inertia as well as the reduction of frequency regulation capabilities [6] - [10] .
Another serious issue is about the inter-area oscillation. Many studies have repeatedly shown that replacing conventional generators with DFIG-based wind farms has a significantly negative effect on the damping of inter-area oscillation modes of the interconnected system [11] - [14] . Moreover, for the United States (U.S.) Eastern Interconnection (EI), the majority of wind generation is now and in the near future will be located in the Northwest of the system, which is far from the load centers in the Northeast. Thus, new transmission lines may be necessary to transmit wind energy from western generation centers to eastern load centers. That may introduce new, difficultly damped inter-area oscillation modes as well as influence the existing ones.
However, although the steady-state active power delivered to the power grid solely depends on the mechanical energy transferred from the wind turbines, the electrical power of variablespeed wind generators can be controlled by the power electronics devices in a fast manner. As a result, wind generators are able to obtain significant control capabilities to engage in the bulk power system frequency regulation and oscillation damping, especially when the wind penetration is considerably high.
In this paper, fast active power control techniques of variablespeed wind generators will be introduced and how to apply those controls to the U.S. EI system frequency regulation and oscillation damping will be discussed. This paper is structured as follows. In Section II, fast active power control techniques of variable-speed wind generators will be reviewed; in Section III, the wind generator and power system model used in this paper's simulation will be introduced; and in Sections IV and V, the potential contributions of variable-speed wind generators to the EI system frequency regulation and oscillation damping will be studied, respectively.
II. REVIEW OF FAST ACTIVE POWER CONTROL TECHNIQUES OF VARIABLE-SPEED WIND GENERATORS
Variable-speed wind generators mainly refer to permanentmagnet synchronous generators (PMSGs) and doubly fed induction generators (DFIGs). A PMSG contains a multipole magnetic rotor and a back-to-back ac=dc=ac converter attached to the stator. The energy is transmitted through the converter from the stator to the grid and consequently, the generator is fully U.S. Government work not protected by U.S. copyright. decoupled from the grid. DFIGs are more common, whose rotors that supply the ac excitation current are connected to the power system through the converters and stators are connected directly to the power system. During normal conditions, power electronics converters enable the variable-speed wind generators to capture wind energy over a wide range of wind speeds to their maximum extent [referred to as the maximum power point tracking (MPPT)]. During transient conditions, additional controllers can be installed on the wind generator converters or pitch controllers to achieve the fast active power controls [15] - [22] . In some studies, variable-speed wind generators can transiently support system frequency by implementing the kinetic energy-based active power control techniques, such as the "hidden" inertia emulation or inertia droop control, to enable wind generators to have the "artificial" inertial response similar to conventional generators' [22] . In fact, General Electric already has a commercial inertia droop control product known as WindINTERIA [23] . This type of control utilizes the kinetic energy stored in wind turbines to inject more active power into the power grid in seconds. However, the active power output of wind farms are only increased temporally, thus the normal operation point of wind generators remains unchanged. Beside the inertial response, the function of power system stabilizer (PSS) usually for conventional generators can also be emulated for variablespeed wind generators [24] - [31] . In this case, variable-speed wind generators can also contribute to the power system smallsignal stability effectively. It should be noted that the sustained loss of kinetic energy would cause the rotational speed of a wind turbine to decrease and even the turbine to stall if the rotational speed falls too low. Consequently, appropriate limits need to be imposed to avoid removing too much the kinetic energy.
As discussed above, wind generators usually work in the MPPT mode in order to utilize the wind power to the maximum extent, since wind energy is both low-carbon and low-cost. However, if wind turbines operate in the "de-load" mode instead of the MPPT and save some of the power available as reserve, certain control techniques can be implemented to enable wind generators to emulate the frequency droop characteristics ("governor response") of conventional generators [22] . The reserve can be obtained by either pitch control or rotational speed control. In fact, the time constant of pitch control is relatively large and frequent adjustment of pitch blades would radically reduce the lifetime. Therefore, pitch control is not economical for fast active power control purposes.
Rotational speed control refers to increasing the rotational speed from the MPPT value (which is also called "over-speed" and shown in Fig. 1 , where P is the wind turbine mechanical power and ! r is the rotational speed). Unlike pitch control achieved by mechanical movements, rotational speed control can be realized on the power electronics converter, thus it acts in a considerably fast manner. This means the power reserve saved by "over-speed" can be utilized to balance the instantaneous power consumption. Furthermore, although no research has covered this topic yet, it is obvious that wind generators may also act to the automatic generation control (AGC) regulation order from the operator. Actually, considering the response speed of fast active power control, wind generator AGC may be more effective than conventional generators' if reserves exist.
In sum, by implementing fast active power control techniques, variable-speed wind generators are able to provide frequency support similar to what conventional generators are doing and also contribute to power system small-signal stability.
III. WIND GENERATOR AND EI SYSTEM MODEL
This paper is to evaluate the potential contributions of variable-speed wind generators to frequency regulation and oscillation damping in the EI system. The variable-speed wind generator model, the EI system model, and the buildup of the EI simulation scenario with wind penetration in PSS®E are introduced in this section.
A. Wind Generator Model
Since DFIG is the most common wind generator type today, variable-speed wind generator is modeled as DFIG in this study. WT3 wind model has been developed in PSS®E to simulate the performance of a DFIG-based wind generator with basic active power control [32] . There are four basic components within DFIG model, namely: 1) WT3G: generator/converter model; 2) WT3E: electrical control model; 3) WT3T: mechanical control (wind turbine) model; 4) WT3P: pitch control model. In order to include fast active power control loops in the electrical control model, a user-defined DFIG electrical control model is developed in this study, whose active power control structure is shown in Fig. 2 . Beside the basic active power control already in the original electrical control model, three frequency support control loops (including wind inertia control, wind governor control, and wind AGC control) and one oscillation damping control loop (wind PSS control) are incorporated in this user-defined model. Unlike wind governor control and wind AGC control, wind inertia control and wind PSS control utilize the inertial energy stored in turbine blades as the energy source and thus do not rely on the power reserve. Furthermore, it should be pointed out that since the reactive power regulation is not the focus of this study, constant reactive power control mode is selected for all the wind generators in all the simulation scenarios. Typical parameters of a GE 1.5 MW DFIG wind generator are employed in the simulation. 
B. Power System Base Model
The EI is one of the two major electric power grids in North America. It reaches from central Canada eastward to the Atlantic coast (excluding Quebec), south to Florida, and back west to the foot of Rocky Mountain (excluding most of Texas). The Multiregional Modeling Working Group (MMWG) of EI Reliability Assessment Group (ERAP) built and maintains a single model for the whole EI system [33] . In this paper, the 16 000-bus version of EI system MMWG model provided by Tennessee Valley Authority (TVA) is selected as the base case in the simulation and some basic information of this model can be found in Table I . No wind generation is modeled in the original model at all; therefore, a simulation scenario with wind penetration needs to be developed in this section.
C. Simulation Scenario Construction
Due to the numerical stability issues of the large-scale power system models, the direct conversion from a large number of conventional generators to DFIG wind generators in the 16 000-bus EI model proves to be very difficult. However, since this paper mainly focuses on the frequency regulation and small-signal stability issues, wind generators are inserted to the original model to replace only the active power output of some conventional generators and the conventional generators' reactive power output remains unchanged. The conventional generators' machine inertia and governor droop parameters are also scaled down accordingly. In this way, the original power flow case remains unchanged and the numerical stability problem can be eliminated. Moreover, although most of current wind generators are located in the Northwest of the EI, a significant number of off-shore wind farms are expected to be built in the near future and thus taken into account in the simulation scenario construction. A relatively realistic wind penetration level (5% of total EI system generation capacity) is utilized in the following simulations.
IV. CONTRIBUTION OF VARIABLE-SPEED WIND GENERATOR TO THE EI SYSTEM FREQUENCY REGULATION
In order to enable variable-speed wind generators to engage in the EI system frequency regulation, several frequency support controllers are included in the user-defined electrical control model, including wind inertia control, wind governor control, and wind AGC control, which will be introduced, respectively.
A. Wind Inertia Control
Wind inertia control here is of the same philosophy as GE WindINERTIA technology. The objective is to let wind generators have the "artificial" inertial response so that the whole system inertial response can be improved. In this paper, wind inertia control produces a temporary active power output change that is proportional to the frequency deviation Áf, which is given by
where f meas is the measured system frequency and f ref is the reference frequency. The structure of wind inertia control is shown in Fig. 3 .
B. Wind Governor Control
As discussed in Section II, if working in over-speed zone, wind turbines can decrease the rotational speed to release the reserved power in seconds and the "governor response" can be provided by the wind generators. A droop control structure similar to conventional generator governors is used in this paper and the control structure is shown in Fig. 4 .
C. Wind AGC Control
AGC plays a ground role in maintaining instantaneous balance of power system generation and consumption. Although no research has talked about this topic yet, wind generators have the full potential to act to AGC regulation order from the operators as long as enough reserve exists. In this paper, the wind AGC control only targets improving the EI system frequency response and the tie-line power flows between balancing authorities are not considered yet. 
D. Case Study
In order to demonstrate the effectiveness of different wind controls on the EI system frequency regulation, a case study of a 1000-MW generation trip is presented in this section. The active power outputs of a typical wind farm following the same event are shown in Fig. 5 and the frequency responses of the EI system are shown in Fig. 6 .
From Figs. 5 and 6, if only with wind inertia control, the wind generator increases its active power temporally in the several seconds following the generation trip by use of the kinetic energy stored in the wind blades. However, as discussed above, the active power increase cannot be sustained and after the temporal active power surge, the wind generator active power output goes through a "dip," during which the inertial energy of turbine blades is "recharged." As a result, the turbine speed goes through the phase of "deceleration" to release certain amount of kinetic energy and the phase of "acceleration" to "recharge." Apparently, although the wind inertia control does not contribute to the longterm frequency recovery, it does help reduce the frequency drop nadir.
If only deployed in wind governor control mode, wind generators behave just like the conventional generators but in a much faster manner: the wind generator active power output ramps up to a higher level because of the existence of the "governor" function and the wind reserve will be put into utilization by moving the operation point away from "over-speed" zone to some extent. In this way, the governor control helps reduce not only the nadir but also the longer-term frequency recovery.
If the inertia and governor control are applied simultaneously, the frequency nadir is reduced further and the longer-term frequency recovery is also improved. However, in order to eliminate the steady-state frequency deviation, AGC control should be considered. In the last scenario, all the wind generators receive the AGC order at 10th second to increase their active power outputs. In this case, the EI system frequency deviation is almost eliminated completely.
Beside, as shown in Fig. 7 , the reactive power outputs of the wind farm in all the cases are similar because the constant reactive power control mode is selected.
Not surprisingly, wind generators can also contribute to the frequency response improvement in load shedding cases. In this case, instead of decreasing wind turbine speed and release the reserve, wind turbines accelerate to store more energy in the blades and save more reserve so that the frequency excursion will be reduced. To demonstrate this effect, a load shedding event of 724 MW is simulated. Similar to the generation trip case, the active power of a typical wind farm and the EI system frequency response are given in Figs. 8 and 9 .
V. CONTRIBUTION OF VARIABLE-SPEED WIND GENERATORS TO INTER-AREA OSCILLATION DAMPING
In this section, the potential of variable-speed wind generators' contribution to the inter-area oscillation damping for the EI system will be investigated. 
A. Wind PSS Control
For conventional generators, PSS adds damping to the generator rotor oscillations by producing a component of electrical torque in phase with the rotor speed deviations. A control structure similar to conventional generator PSS can be employed by variable-speed wind generators for oscillation damping, which is referred to as wind PSS in this study. The control structure is given in Fig. 10 . The signal washout block serves as a high-pass filter, with time constant T W high enough to allow signals associated with oscillations to pass unchanged. Either local or wide-area control signals can be used as the input to this wind PSS controller.
B. Case Study
According to these years' continuous wide-area measurements, the inter-area oscillations in the EI system are mainly among Northeast (NE), Northwest (NW), and South, three large regions (shown by Fig. 11) . A generation trip of 814 MW in Florida is used in this section to trigger the inter-area oscillations between NW, NE, and South, like in the actual EI system [34] .
Either local or wide-area frequency signals are used as the inputs to the wind PSS controller and a simple but very effective coordinated wide-area control strategy is also developed for the EI system inter-area oscillation damping. To achieve the coordinated wide-area control effect, the wind generators in the EI system are classified into four groups based on their involvements in the inter-area oscillations, including NW, NE, South, and the ones that do not belong to any group. For the wind generators that belong to NW, NE, or South, their wind PSS controllers automatically compare the frequency differences between themselves and the other two regions and always choose the larger one as the input signal. In this way, a coordinated control strategy can be realized.
The corresponding simulation results are shown in Fig. 12 , including both frequency and angle differences between any two regions. From Fig. 12 , the inter-area oscillation damping effect of wind PSS control is significant even using local signal as the inputs. It is apparent that the coordinated control strategy is able to achieve a greater oscillation damping effect, which proves the effectiveness of this coordinated wide-area oscillation damping strategy.
To demonstrate the system-level effect of coordinated widearea wind PSS control on the EI inter-area oscillation damping, a movie is also made based on the EI system simulation data, one snapshot of which is given below in Fig. 13 . From this snapshot, it is also obvious that the EI inter-area oscillations can be damped effectively by this oscillation damping strategy. 
VI. DISCUSSION AND CONCLUSION
In this paper, several fast active power controllers, including wind inertia control, wind governor control, wind AGC control, and wind PSS control, were employed in the user-defined DFIG electrical control model and using the 16 000-bus EI system model as the test-bed, the potential contributions of variablespeed wind generators to the EI frequency regulation and oscillation damping were evaluated. As demonstrated by the simulation results, although wind generation penetration is still very low (3.4% of all generated electrical energy in U.S. in 2012 and 5% of total capacity in this paper's simulation), variablespeed wind generators already have the potential to effectively contribute to frequency regulation and oscillation damping for the EI system. Moreover, considering the fact that many other bulk power systems around the world also have similar wind penetration profiles, the control strategies discussed in this paper also enjoys great potentials for other power systems.
